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Abstract 

High resolution angle-resolved photoemission measurements have been carried out on transition 
metal dichalcogenide PdTe 2 that is a superconductor with a Tc at 1.7 K. Combined with theoretical 
calculations, we have discovered for the first time the existence of topologically nontrivial surface 
state with Dirac cone in PbTe 2 superconductor. It is located at the Brillouin zone center and 
possesses helical spin texture. Distinct from the usual three-dimensional topological insulators 
where the Dirac cone of the surface state lies at the Fermi level, the Dirac point of the surface 
state in PdTe 2 lies deep below the Fermi level at ~1.75 eV binding energy and is well separated 
from the bulk states. The identification of topological surface state in PdTe 2 superconduc¬ 
tor deep below the Fermi level provides a unique system to explore for new phenomena and 
properties and opens a door for finding new topological materials in transition metal chalcogenides. 
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Topological insulators are a new quantum state of matter with insulating bulk state 
and protected conducting edge or surface states that originate from its unique bulk band 
topology. BE! The concept of topological insulators has been extended to topological su¬ 
perconductors that have attracted particular attention because they have a full pairing 
gap in the bulk and gapless surface states consisting of Majorana fermions. BE] The topo¬ 
logical surface state exhibits unique electronic structure and spin texture which not only 
have potential applications in spintronics and quantum computing, mu but also provide a 
promising platform for realizing exotic quantum phenomena, [SHin] including the revelation 
of Majorana fermions. The topological surface state has been observed mainly in the 

three-dimensional topological insulators Bi 2 (Se,Te )3 and related compounds, with a single 
Dirac cone observed near the Fermi level. [T31 - IT5] The discovery of topological surface state 
in new class of materials, particularly in superconducting materials. [T6l HU is of critical 
importance in realizing new quantum phenomena and potential applications. 

The transition metal chalcogenides have been a rich playground to discover new materials 
with diverse physical phenomena and properties, such as the charge density wave.[T51 [H] 
superconductivity. [201126] extremely large magneto-resistance, [271 EH] structural phase tran¬ 
sition and strong spin-orbit interaction. [291 - I3T] and materials like M 0 S 2 with application 
potentials. [321138] However, there have been few reports related to the discovery of topolog¬ 
ical materials in the transition metal chalcogenides. In this Letter, we report the hrst time 
revelation of topological surface state in a transition metal dichalcogenide PdTe 2 that is also 
a superconductor with Tc~1.7 K. By carrying out high resolution angle-resolved photoe¬ 
mission (ARPES) measurements on PdTe 2 , combined with the theoretical calculations and 
topological invariant analysis, we have identihed a topologically nontrivial surface state in 
PdTe 2 with a Dirac point deep below the Fermi level at a binding energy of ~1.75 eV. The 
calculated spin texture of the surface state shows right-handed spin chirality for the upper 
Dirac branch and the left-handed for the lower one as in usual topological insulators. The 
discovery of topological surface state in PdTe 2 superconductor deep below the Fermi level 
provides a new platform to explore for new phenomena and properties related to topological 
materials. 

High quality single crystals of PdTe 2 were obtained by the self-flux method. The ARPES 
measurements were performed on our lab photoemission system equipped with the Scienta 
R4000 electron energy analyzer. [HHl SD] We used the Helium discharge lamp with three kinds 
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of photon energies: He I {hp = 21.218 eV), He I a{hp = 23.087 eV) and He H(hz/ = 40.8 
eV), as the photon source for the ARPES measurements. The overall energy resolution 
used is 10 meV and the angular resolution is ~0.3°. The Fermi level (E^) was referenced 
by measuring the Fermi edge of a clean polycrystalline gold electrically connected to the 
sample. The crystals were cleaved in situ and measured at a temperature of T ~ 20 K in 
vacuum with a base pressure better than 5x10“^^ Torr. 

The electronic structure of PdTe 2 was calculated by performing the hrst-principle calcu¬ 
lation by WIEN2K package, which is based on the full potential linearized augmented plane 
wave (LAPW) method. [H] The lattice constants we used here are a = b = 4.036 A and 
c = 5.13 A for PdTe 2 , taking a space group of P3ml. [2^ 1421 - 144] The Brillouin zone integra¬ 
tion was performed on a regular mesh of 14 x 14 x 9 A: points. The muffin-tin radii {Rmt) 
of Pd and Te atoms are both 2.50 bohr. The largest plane-wave vector Kmax was given 
by RivirKmax = 9.0. The spin-orbit coupling (SOC) was included self-consistently in all 
calculations. To see the topological surface states, we construct a tight-binding model using 
the projected Wannier functions, which can reproduce the GGA band structure precisely. 

Figure 1 shows the crystal structure, the corresponding bulk and surface Brillouin zones, 
and the calculated and measured electronic structures of PdTe 2 . The crystal structure of 
PdTe 2 (Fig. 1(a)) is polymeric GdR-type with the P3ml (No. 164) space group. [421 - 146] The 
corresponding bulk Brillouin zone is a hexagonal prism, as shown in Fig. lb together with 
the projected (001) surface Brillouin zone. The measured Fermi surface of PdTe 2 (Fig. 1(c)) 
exhibits a complex topology with a three-fold symmetry [40] . The overall band structure of 
PdTe 2 (Fig. 1(d)), measured along high symmetry directions and over a large energy range 
(0~6 eV), display multiple densely-arranged bands[40]. In order to understand the band 
structures we measured, we have performed the hrst-principle calculations with spin-orbit 
coupling by GGA method[47]. Because of the strong three dimensionality of the electronic 
structures of PdTe2,|4ni SS] US] the calculated band structure is presented in two different 
kz planes RKM and ALH (Fig. 1(e)). By comparing the measured band structure (Fig. 
1(d)) with the calculations (Fig. le), we noticed the band structures seem more like that 
calculated in the ALH plane, but still with a prominent discrepancy, as we have shown by 
overlying the theoretical calculated bands along LAHL direction (black dashed lines in Fig. 
1(d)) with the experiment data. The large discrepancy prompted us to check for possible 
reason on the inconsistency between the experiment and the calculations. Interestingly, 
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we notice there is an obvious X-shaped band structure popping out at the Brillouin zone 
center(Fig. 1(d)) which is absent in the calculation in Fig. 1(e). We suspect whether there 
is a Dirac cone-like surface state here. 

In the calculated band structure of PdTe 2 (Fig. 1(e)), there are eleven bands in the 
covered energy range -7 eV~3 eV that are all from strongly hybridized bands between Pd 
Ad- and Te 5p-orbitals[ini SSI SE]- To study the topological nature of these bands, we use 
”-l-” and to describe the parity for each band. There is a band inversion at A point at ~2 
eV below the Fermi level Ei?. We cut a curved Fermi level at 2 eV below Ep, and calculate 
the time-reversal invariant Z 2 parameter as shown in Table The results point to a possible 
existence of topological nontrivial surface state in PdTe 2 . We then calculate the semi-inhnite 
(001) surface state of a 40 layer slab based on the TB hamiltonian from Projected Wannier 
functions and presented in Fig. 1(f). It exhibits a prominent surface state between the 
binding energy of 1.5 eV and 2.5 eV at E. We notice that in the calculated energy window 
(3~-7 eV), all the surface states are merged together with the bulk states, except for this 
outstanding topological surface state near T at the binding energy of ~1.75 eV, and some 
surface states across the Fermi level along the T — M direction. Our measured ARPES data 
in Fig. 1(d) shows a remarkable agreement with the Dirac cone-like surface state at ~2 eV 
binding energy from the surface state calculations (Fig. 1(f)). The identihcation of surface 
states in PdTe 2 solves the discrepancy found previously between the ARPES measurements 
and theoretical calculations. [40] 

TABLE I: The products of parity eigenvalues of the occupied states for the time reversal invariant 
momenta (TRIM) points, F, M, A, and L in the Brillouin zone. 

TRIM point F M(x3) A L(x3) 

Parity + — — — 


To verify the surface state nature of the measured bands, we performed photon-energy 
dependent measurements to seek for its two-dimensional character: the surface state will not 
change with k^. We used three different photon energies to measure the same PdTe 2 sample: 
hv=21.21% eV, 23.087 eV and 40.8 eV. The measurements were carried out along two high- 
symmetry directions: K — F — K (upper panel in Fig. 2) and M — F — M (lower panel in 
Fig. 2). Based on our previous work on the inner potential Vo=18.8 eV for PdTeo.[4n] the 
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corresponding is estimated to be Svr/c for /ii/=21.218 eV, S.lSvr/c for /;,z/=23.087 eV and 
6.227r/c for /iz/=40.8 eV. This indicates that, for the He I (21.218 eV) and He I a (23.087 
eV) lines, the ARPES detected planes are close to the ALH plane, while for the He H (40.8 
eV) line, it is close to the FKM plane. It is known that the bulk electronic structure of 
PdTe 2 exhibits strong three-dimensionality. |401 1461 1481 14^ and small variation of k^ can 
generate obvious change of the band structure|40]. It is clear from Fig. 2 that the low 
energy features (0~1.5 eV binding energy) and spectral intensity show strong variation with 
the photon energy change, reflecting their dominant bulk character. But the Dirac-cone-like 
bands near 1.75 eV in the Brillouin zone center appear to be quite robust against the change 
of the photon energy in terms of its energy position and intensity. This is consistent with 
its nature of being from the surface state. We also notice that the two high energy bands 
near 2.5 eV and 4.0 eV also do not show strong variation with photon energy change. As 
seen in Fig. 1(f), this can be understood because they have a large contribution from the 
surface states, especial for the band at ~4 eV binding energy. 

Figure 3 shows the measured constant energy contours at different binding energies for 
PdTe 2 (Fig. 3(a)), as well as the momentum dependence of the band structures (Fig. 
3(b)), near the Dirac point at a binding energy of ~1.75 eV in the Brillouin zone center. 
The constant energy contours (Fig. 3(a)) evolve strongly with the binding energy, from a 
circular ring at 1.5 eV, to a smallest spot near 1.8 eV, and gets larger again and becomes 
a large circular ring at 2.2 eV. This is consistent with the typical behavior of a Dirac cone 
structure. Meanwhile, the momentum dependence of the band structure (Fig. 3(b)) also 
agrees with the Dirac cone picture. At the center point F, it displayed two linear dispersion 
bands crossing at the Dirac point (~1.75 eV)(Fig. 3(b), left-most panel). When moving 
away from the F point, the bands gradually evolve into two parabolic-like bands without any 
intersection point. The upper band moves upward while the lower band shifts downward. 
All these Endings provide strong evidence that this topological surface state possesses a 
typical Dirac-cone dispersion, as sketched in Fig. 3(c). 

Figure 4 shows the topological surface state in PdTe 2 and its spin texture. Fig. 4(a) zooms 
in on the theoretically calculated surface state and Fig. 4(b) compares the experimental data 
with the calculation. The experimentally observed Dirac point is at the binding energy of 
~1.75 eV and the agreement between the calculation and measurement is remarkable even 
in fine details. This surface state can be well-resolved because it stands out away from the 
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bulk states, different from most of other surface bands that mix with the bulk bands. As 
one important character of the topological surface state, we have calculated the spin texture 
for the upper and lower Dirac cone branches. The spin texture for the lower Dirac branch 
is exemplified by the spin texture at 0.3 eV below the Dirac point in Fig. 3(c). The left- 
handed helical spin texture is expected for the lower Dirac cone branch. The spin texture 
for the upper Dirac cone branch is right-handed, as shown by the spin texture at an energy 
of 0.06 eV above the Dirac point (Fig. 4(d)). Such spin texture is similar to that found in 
usual three-dimensional topological insulators, and can be tested in the future spin-resolved 
ARPES measurements. 

In summary, by combining high resolution ARPES measurements with theoretical 
calculations, for the first time, we have established PdTe 2 superconductor as a new system 
that possesses topological surface state. The topological surface state in PdTe 2 is at the 
Brillouin zone center and is well separated from the bulk states. It possesses helical spin 
texture similar to that in three-dimensional topological insulators. Compared with the usual 
topological insulators where the Dirac cone lies near the Fermi level, our results provide 
a new case where the topological surface state is realized in a pristine superconductor 
instead of a topological insulator, and the Dirac cone of the surface state lies well below 
the Fermi level (~1.75 eV binding energy) instead of being at the Fermi level. Further 
work needs to be done to explore whether such a unique topological surface state well 
below the Fermi level and in a superconductor can lead to new phenomena, properties and 
applications. More work also needs to be done to investigate the nature of other surface 
states, particularly those crossing the Fermi level. The identihcation of topological surface 
state in PdTe 2 also opens a door for searching for new topological materials in transition 
metal chalcogenide systems. 
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FIG. 1: Crystal structure, Brillouin zone, and experimentally measured and theoretically calculated 
electronic structures of PdTe 2 . (a) Crystal structure (Cdl 2 -type) of PdTe 2 with P-3ml space group, 
(b) The bulk and (001) surface Brillouin zone for PdTe 2 . (c) Measured Fermi surface of PdTe 2 by 
using Helium I line (photon energy: 21.218 eV ). (d) Band structure measured along high symmetry 
directions. The momentum cut locations are shown by red lines in (c). The black dashed lines on 
top of the photoemission image are the calculated band structures along ALHL high-symmetry line 
shown in (e). The red dashed ellipse circles the Dirac cone-like topological surface state observed 
in experiment, (e) The band structure with spin-orbit coupling by GCA calculation. The parities 
of each band at time reversal invariant momenta (TRIM) point are marked(“-t-” for even, for 
odd). The red dashed ellipse marks the band inversion at A point at ~-2 eV. (f) The surface state 
of PdTe 2 on the (001) surface. The surface states are obtained with a 40 layer slab on the basis 
of projected Wannier functions. The gray lines stands for the bulk state, while the blue lines are 
the surface state. The red dashed ellipse circles the calculated Dirac cone-like topological surface 
state. 
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FIG. 2: Band structure measurements of PdTe 2 at ~20 K by using three different photon energies, 
(a-c) are the band structures measured along K — F — K direction, (d-f) are the band structure 
measured along M — F — M direction. (a,d), (b,e) and (c,f) are the measurements by using Helium 
I (21.218 eV), Helium la (23.087 eV) and Helium H (40.8 eV) as photon source, respectively. 
The low energy features between 0~1.5 eV binding energy show strong variation with the photon 
energy. While the Dirac-cone-like band near 1.75 eV at F stays robust. The two high energy bands 
near 2.5 eV and 4.0 eV binding energies show little variation either. 
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FIG. 3: Constant energy contours and momentum dependence of the band structure of PdTe 2 
around the Dirac point, (a) Constant energy contours at different binding energies from 1.5 eV 
(top-left panel) to 2.2 eV (bottom-right panel). The Dirac point energy is near the binding energy 
of 1.75 eV. (b) Momentum dependence of the band structure along the four cuts show in (a) (black 
solid lines). The red dashed lines on top of the photoemission image represent guide to the eyes of 
the topological nontrivial surface state in PdTe 2 . (c) A schematic Dirac Cone observed in PdTe 2 . 
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FIG. 4: Comparison between the calculated and measured topological surface state of PdTe 2 and 
the spin texture of the Dirac cone, (a) The zoom-in Dirac cone in the calculated surface state of 
PdTe 2 at F point, (b) The zoom-in measured Dirac cone surface state shown in a small binding 
energy window (1.5 eV-2.6 eV). (c) Calculated spin texture of lower Dirac cone branch at 0.3 eV 
below the Dirac point energy [Eq) shown in (a), (d) Calculated spin texture of the upper Dirac 
cone branch at 0.06 eV above the Dirac point energy Ed shown in (a). 
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